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ABSTRACT 
Plasma processing has emerged as an important technology for 
the fabrication of integrated circuits. The need for 
superior linewidth control, directional etching and control 
of film selectivity has made plasma processing the major 
technique for definition of lithographic patterns on silicon 
wafers. In order to maintain control of the desired 
characteristics of these processes a fundamental grasp of the 
complex mechanisms occurring within the plasma is desired. 
The objective of this research is to formulate a model for a 
particular type of plasma system (a radial flow reactor) 
which incorporates chemical reaction kinetics and mass 
transfer effects. The process to be studied here is the 
etching of crystalline silicon in nitrogen trifluoride (NF3). 
Kinetic studies of this system in a radial flow reactor have 
revealed systematic etch rate variations with respect to 
wafer position [1]. Attempts at modeling this behavior using 
two separate model formulations is described. The first 
model describes the etch rate profile by incorporation of an 
SiF dissociation reaction into the model of Stenger and 
Akiii [2]. The second model combines the kinetic treatment 
with a mass transfer model which is found to produce a 
profile which closely approximates the experimental behavior 
of the reactor. 
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I. INTRODUCTION 
1.1 The Advantages and Challenges of Plasma Etching 
In recent years, plasma etching has come to dominate 
over wet etch lithographic processing in the Semiconductor 
Industry due to a number of important advantages. The most 
highly sought after feature of plasma processing is the 
ability to produce narrow linewidths with a high degree of 
etch anisotropy. Other advantages of plasma processes are 
their relative safety and adaptability to process automation. 
Patterning of submicron devices for ultra large scale 
integrated circuits (ULSI) poses stringent requirements on 
etching technology. Mullins (3] lists some of these 
requirements: 
1. Profile Control: selected wall shapes with minimal 
undercutting. 
2. Process Uniformity: less than 5% etch variation across 
the wafer and from wafer to wafer. 
3. Controlled Selectivity: maximum etch rate ratio to 
silicon and variable ratio to photoresist. 
4·~ No Contamination: this includes· organic, metal, and 
electric charge damage. 
5. Production Throughputs: high speed single wafer or large 
batch units. 
In order to meet all of these requirements, it becomes 
necessary to form a somewhat detailed understanding of the 
complex processes occurring in the plasma reactor. A lack of 
this understanding has, to some extent, slowed the 
implementation of plasma systems into device fabrication 
lines. 
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The investigations to be described in this report will 
.. 
focus on requirement number 3 above, process uniformity. In 
this study, attempts will be made to describe positional 
changes in etch rate using two modeling techniques which will 
be described in detail. The apparatus used for this 
investigation is commonly called a radial flow, or 
center-pumped, batch reactor. Although quite commonly used 
in industrial applications, these systems have been 
historically plagued by wafer to wafer etch rate non-
uniformities. Experimental data for the etching of silicon 
in a nitrogen trifluoride plasma will be used for these 
studies. 
1.2 The Role of Reactor Modeling 
Plasma etching can be described as the usage of a glow 
discharge to generate chemically reactive species from 
relatively inert molecular gases. The reactive species thus 
generated form volatile compounds with the substrate being 
etched, and these volatile species are removed by the vacuum 
' pumping system [4]. It is in the understanding of the 
complex processes occurring in the reactor that reactor 
modeling finds its application. By investigation of the 
kinetic and mass transfer properties of the plasma system, a 
model which incorporates both of these effects can be 
formulated. A model which accurately predicts the etching 
behavior of a plasma system can be a significant tool for 
Page 3 
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process design and selection. 
As mentioned earlier, radial nonuniformities have 
historically been a problem for center-pumped batch reactors. 
The recent emergence of single wafer plasma etching reactors 
can be attributed in part to the general lack of success in 
resolving the batch nonuniformity problem. The high 
investment costs associated with installing the existing 
batch systems or with re-tooling with single wafer etch 
systems justifies the search for a uniform batch etching 
process. Finding an optimum set of operating conditions can 
be greatly facilitated by the use of a reactor model which 
allows for parametric response studies. The alternative of 
using an empirical approach can be tedious, time consuming, 
and can yield ambiguous results. 
Using an accurate reactor model can facilitate process 
selection, process control, and reactor design. In addition, 
knowledge of the etching behavior of a plasma system can 
facilitate the automation of a process since the key modeling 
parameter is etch rate. An accurate knowledge of etch rate 
with respect to a set of operating parameters makes manual 
intervention with the process to determine etch completion 
unnecessary. 
1.3 Research Objectives 
Recently, a kinetic model has been tleveloped to 
correlate the etch rate of silicon in an NF3 discharge (2]. 
Page 4 
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This reaction model established the NF3 etching mechanism and 
determined the rate constants of the participating reactions. 
Further work has attempted to combine the reaction rate model 
with a reactor model capable of predicting multiple wafer 
etching results [1]. This previous work established the 
presence of an upturn in silicon etch rate near the reactor 
center, for which a quantitative explanation was not 
determined. 
The objective of the present work is to provide a 
quantitative explanation for the observed increase in etch 
rate at the reactor center by investigation of two reactor 
models. The first model attempts to explain the observed 
behavior by incorporating an SiF4 dissociation reaction into 
the kinetic model. This model will include diffusive as well 
as convective flow terms. The SiF4 , formed as an etch 
product, thereby acts as an additional source of reactive 
fluorine near the reactor center. The second model explains 
the observed behavior by combining with the kinetic model a 
mass transfer model which accounts for the convective and 
diffusive transport of reactants across the chamber. The 
derivation of both models will be described, and the choice 
of a best case reactor model will be· made and defended. 
1.4 Organization of this Report 
This report is intended to provide a rather complete 
description of the mechanistic behavior of a specific type of 
Page 5 
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plasma system. In Section II, background information on 
plasma atching is provided. Types of plasma reactors 
currently available, a brief overview of earlier studies of 
the etching of silicon in fluorine plasmas, and a description 
of the currently understood kinetics of silicon etching will 
be provided. Section III will describe the experiments and 
the details of the reactor models mentioned earlier. Section 
IV will provide a summary of the report along with 
suggestions of potential follow-on investigations. 
Supporting information and data are contained in the 
appendices. 
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II. BACKGROUND 
2.1 Types of Glow Discharge Systems 
The requirements of plasma processing systems for 
advanced device technologies were described earlier. These 
requirements apply to all types of plasma process equipment. 
!The configuration used in the current study is just one of a 
rather large family of plasma process equipment 
configurations. Background on the types of currently 
available equipment and their applications is a useful 
starting point for the discussion of reactor modeling. 
There are many types of commercia.lly available reactors. 
All are similar in that they provide "dry" etching by virtue 
of a glow discharge, however they differ considerably in 
terms of excitation frequency (5 kHz - 5 GHz), operating 
pressure (1 mtorr - 1 torr), electrode arrangements 
(internal, external, capacitive, inductive), etch rates (10 -
10,000 ~/min) and etch profiles (isotropic, anisotropic). 
Plasma reactors can be grouped into three generic 
categories, plus two "other" classifications. First, there 
are volume loading, or barrel, reactors. These systems are 
characterized by high operating pressures c~ 1 torr). Wafers 
typically sit in a carrier inside the glow (see Fig. 2-1). 
The reactors are capable of accommodating a large number of 
wafers in their volume. RF power at 13.56 MHz frequency is 
applied to the system via external capacitive or inductive 
Page 7 
• 
.. 
-
,\ 
'. 
\' 
•' 
'\ 
,•, 
• 
•' 
' . 
. 
.. 
' .. 
-· ..
•;.: 
. 
.. 
•J 
. 
. . 
.... 
coupling. This type of reactor is most commonly used for the 
plasma ashing process (oxidation of carbon-based polymeric 
material in an o2 discharge), and was at one time the most 
widespread t~rpe of plasma etching reactor [ 5] • The key 
disadvantage of this system is that it produces etch profiles 
which are isotropic in nature (undercutting of a non-erodible 
etch mask). Radial nonuniformity problems have also been 
identified for wafers etched in barrel reactors [6]. 
Second, there is a set of reactors known as area 
loading, planar diode, or parallel plate reactors. This is 
the type of system which will be studied in this report. 
This type of system, origJnally used for plasma deposition, 
was introduced by A. Reinberg in 1973 [7]. These reactors 
are characterized by fairly high operating pressures (100 
mtorr - 1 torr), with wafers placed on the lower grounded 
electrode (see Fig. 2-2). Gas is typically introduced to the 
system from the outside radius of the lower electrode and is 
pumped through the center of the electrode (although 
side-pumped configurations are also available). By 
manipulation of gas chemistry both directional and isotropic 
etching can be achieved. 
The third major category of reactors are known as 
• 
reactive ion etching (RIE) reactors, or low pressure diodes. 
They are characterized by low operating pressure (10 mtorr -
150 mtorr) with the wafer placed on the driven electrode 
(cathode) [8]. This type of system is similar to a 
... ... 
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sputtering system, and its plasma etching applications have 
evolved from its use in sputtering. The key property of RIE 
reactors is that they provide a high degree of anisotropic 
etching through ion bombardment. The reactor chambers come 
in essentially two varieties: one is a parallel plate diode 
where the powered electrode is the lower electrode (reverse 
of the area loading reactor described above - see Fig. 2-3), 
while the other is known as a "hexode" chamber. The hexode 
design refers to a six-sided cathode structure axially 
located in a cylindrical chamber, whose walls function as the 
anode (see Fig. 2-4). Through regulation of chemical and 
physical parameters, system design, mass flow rates, and 
total pressure, precise control of anisotropy and selectivity 
are possible. 
These are the three main types of reactors, however 
there are two other types of systems also in use. One is 
known as a triode plasma etching system [9]. This reactor 
exploits control over ion bombardment to provide fine 
resolution etching. The discharge is maintained with two 
electrodes, and the wafer is placed on a third electrode 
which is biased so as to control the energy and flux of ions 
on the wafer. Similar etch rates are achieved with triode 
syste~s as with diode systems, with the additional benefit of 
etch profile control. 
The last type of plasma reactor to be discussed is a 
newcomer on the scene, and in just a few years since its 
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introduction it has become a very popular configuration. 
These systems, known as Single Wafer Etching reactors, etch 
wafers one at a time using high power/pressure processes 
which etch at rates up to 10,000 i;min [3]. Small, well 
controlled etching chambers create a plasma environment where 
the etch rate is not limited by the amount of reagent 
present. Gas composition and plasma parameters are optimized 
to produce a confined, stable, and uniform glow discharge. 
The impressive performance of these systems, particularly 
with respect to etch uniformity, has made them very 
attractive for advanced technology applications. Also, 
cassette-to-cassette capability of single wafer etch systems 
lend themselves nicely to automated material handling 
systems. 
2.2 Studies of the Mechanism of Silicon Etching 
The topic of this study involves the etching of silicon 
in a fluorine-based plasma. The etching of silicon has 
received widespread attention in semiconductor process 
research·due to its critical importance in the fabrication 
process. The limits of large scale integration density are 
determined by the minimum groundrules attainable from the 
etching of silicon. A common family of etchants for silicon 
are the fluorocarbon gases. These gases liberate reactive 
fluorine radicals in a glow discharge, which react with the 
• 
silicon substrates to form volatile SiF2 and SiF4 . The 
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reaction products are subsequently removed at low pressures 
by the vacuum pumping system. Studies of particular interest 
to the present research are those which provide insight into 
the mechanism of silicon etching in a fluorine-based plasma. 
One of the earliest insights into the nature of the 
silicon etching mechanism was provided by Coburn and Winters 
(4], who introduced the important concept of the F/C ratio. 
In describing the interactions of the reactant gas with the 
silicon surface, it was found that use of the relative 
stoichiometry of the active etching species (F/C ratio) was a 
' useful qualitative indicator of the chemical behavior of the 
discharge. The concept is depicted in Figure 2-5. 
As an example of how this concept can be used to 
describe the etching process, consider a CF4 plasma. The F/C 
ratio of the active species generated by CF4 dissociation is 
4. If oxygen is added to the reacting system active carbon 
(atomic or fluorocarbon radicals) is oxidized to form CO or 
co2 , thereby increasing the F/C ratio of the etching system. 
Conversely, hydrogen acts to decrease the F/C ratio by 
consuming active fluorine in the gas phase. The important 
concept underlying the use of the F/C ratio is that the 
etching reaction is a competitive surface process: that 
there are two regimes, etching and polymerization, either of 
which can dominate the reaction. As fluorocarbon plasmas are 
made more and more fluorine deficient (lower F/C ratio) a 
point will be reached where polymerization can dominate over 
Page _11 
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etching. The etching mechanism can therefore be viewed as a 
competition for surface sites between reactive F and 
polymerizing C. 
Figure 2-5 also illustrates how ion bombardment, 
resulting from higher bias voltages, can retard the onset of 
polymerization by either assisting with Fetching or by 
sputtering. Also the effects of system loading are noted in 
·Figure 2-5. Reactive surfaces tend to lower the F/C ratio 
and retard etching due to a reduction in the amount of 
available F species. 
The importance of the F/C ratio concept lies in the way 
in which this model changes our view of the etching process. 
An etching process can not be viewed as one-directional 
(etching only). The mechanism of etching is determined by a 
competitive surface process which can produce etching of a 
substrate material or deposition of a polymer, depending on 
the relative probability of occurrence of these two 
processes. Hence, studies of plasma etching chemistry must 
consider the surface chemistry of the reactions. 
Further investigations by Flamm, et. al. [10,11] 
proposed a specific model for the etching of silicon by 
fluorine atoms. Their model, shown schematically in Figure 
2-6, involves the sequential fluorination of surface SiF2• 
Attack by fluorine either results in displacement of SiF2 , or 
subsequent formation of SiF4 (gas) via fluorination of bound 
SiF2 and/or SiF3 . Experimental studies of surface 
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chemiluminescence assumed that visible chemiluminescence is a 
consequence of desorption of SiF2 followed by reaction with F 
. * . (or F2 ) in the gas phase to form S1F3 which subsequently 
emits visible radiation. These investigators reported a rate 
constant for <100> silicon etching at 25°C of 1580 cm/min. 
In spite of the fact that the mechanism of silicon 
etching in CF4 is fairly well understood today, there are 
several properties of the etching process which make an 
alternative gas chemistry attractive. Mogab, et. al. [12] 
commented that CF4/o2 plasmas are unacceptable for the 
etching of silicon because of isotropic etching and loading 
effects. An inability to control the degree of mask undercut 
and load-dependent uniformities render a process ineffective 
for ULSI processing. 
In certain cases it may be desirable to use other types 
of discharges to perform a specific etching process. There 
may be certain desirable characteristics which make one 
etchant gas more attractive than another. A case in point is 
the use of NF3 as a silicon etchant, which is the etchant 
used for the studies to be reported later. Practical 
advantages of NF3 can be listed as follows [13]: 
1. Etch rates of Si, sio2 , and si3N4 are lOX faster in NF3 discharges, compared with CF4. 
2. Selectivity of Si to Si~2 is 25:1. 
3. Slow erosion of resist masking material • 
• 
4. NF3 is inert to silicon compounds without a discharge. 
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· 5. The reaction products are entirely gaseous, thus 
carbonaceous polymer residues such as those found with CF4 etching are not present. 
In spite of these advantages, the amount of investigation 
into the mechanism of NF3 etching of silicon pales in 
comparison to CF4 etching. 
Ianno, et. al. [13] comparatively studied the etching of 
Si and sio2 in both CF4 and NF3 discharges. By use of a 
Langmuir probe diagnostic technique, it was found that CF4 
etching was accompanied by a small positive ion current, 
indicative of an ion enhanced etching mechanism. The NF3 
process showed no correlation with positive ion current, 
I 
therefore it was concluded to be controlled by neutral free 
radicals. The NF3 process is therefore expected to be more 
isotropic in nature. This result is supported by an 
investigation by Bower [14] which found isotropic etch 
profiles and significant loading effects in the etching of 
• 
polysilicon with NF3 . 
In recent work by Greenberg and Verdeyen [15] it was 
shown that a key property of the NF3 etching discharge was 
its effectiveness at dissociating the parent gas. By 
comparison with CF4 , it was determined that NF3 dissociation 
is 1.5 orders of magnitude greater than CF4 dissociation. In 
addition, the competition between reactive F and c for 
surface sites is no longer present, which results in a 
significant etch rate enhancement. The penalties which 
Page 14 
result from usage of NF3 are its relatively isotropic nature 
and process control difficulties, especially those caused by 
linewidth control and loading effects. 
Clearly, if an NF3 etching process for ULSI is to be 
practical, a great deal of control over etching nonuniformity 
must be achieved. In the present study, nonuniformities on 
the order of 20-25% were observed across the reactor. This 
places severe limitations on the usefulness of the process, 
since a high degree of overetching (etching beyond initial 
wafer completion) must be employed to compensate for the etch 
variability. This investigation will provide an approach for 
explaining and predicting the uniformity of the etching 
process. 
2.3 A Kinetic Model for Silicon Etching 
Recently, a kinetic model has been developed by Stenger 
and Akiki to correlate the etch rate of silicon in an NF3 
discharge [2]. This reaction model.established the NF3 
etching mechanism and determined the rate constants of the 
participating reactions, and will form the basis for the 
reactor modeling work to be discussed in the next section. 
This model describes the etching of crystalline silicon in 
NF3 by a series of chemical reactions involving: (i) 
electron impact dissociation of NF3 , (ii) adsorption of Fon 
the silicon surface, (iii) chemical desorption of SiF2 , (iv) 
perfluorination of the desorbed SiF2 to form SiF4 , and (v) 
Page 15 
nonetching losses of atomic fluorine to form inactive 
species. These reactions can be summarized as follows: 
-
kl ~ NF3 + e 1.SF + NF(l. 2 ) [l] 
4F + Si(s) k2 ~ SiF4 [2] 
F 
k3 ~ lost [3] 
The results of fitting the kinetic model to etch rate data 
showed that reaction 1 proceeded rapidly while reactions 2 
and 3 were rate limiting. Rate constants k2 and k3 were 
determined at 18 Pa, 25°C, and an applied power density of 
2 0.20 W/cm. Reported values of k2 and k 3 were 1410 cm/min 
d ' -l t' 1 an 34.3 min respec 1ve y. The silicon etching rate 
constant of 1410 cm/min reported is in close agreement to the 
value of 1580 cm/min reported by Flamm, et. al. (10]. 
In the next section, the details of the reactor modeling 
activity will be presented. The kinetic formulation 
developed in this section will form the foundation for the 
reactor models to be described. 
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III. MODELING OF A RADIAL FLOW PLASMA REACTOR 
3.1 Approaches to Reactor Modeling 
The general goal of any modeling activity is to provide 
an understanding of the relationship between process 
variables and process performance. A plasma reactor model 
attempts to explain the dependencies of the key parameter, 
etch rate, on process variables such as gas composition, 
pressure, temperature, reactor geometry, discharge frequency, 
and power. Plasma reactor models are difficult to construct 
due to the very large parameter space of the process. This 
point is illustrated in Table I, which lists plasma 
characteristics and their dependencies [16]. 
TABLE I Plasma Process Parameters 
Plasma Characteristics 
Basic Plasma Parameters 
(electron density, electron 
energy distribution, gas 
density, gas residence time) 
Plasma-Surface Interactions 
Dependencies 
Gases used 
Excitation power 
Excitation frequency 
Gas· flow rate 
Reactor geometry 
Pumping speed 
Surface geometry 
Surface temperature 
Surface potential 
Chemical nature of surface 
As is readily apparent, such a variety of depenpencies makes 
operation without a reactor model extremely difficult. A 
common approach to selecting a "best case" process is to 
• 
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perform statistical response surface analyses which attempt 
to minimize or maximize certain process characteristics such 
as uniformity, etch rate or selectivity for a set of process 
conditions [17]. Although this approach can provide usefJl 
insights into a process, it often ignores questions of why 
processes behave as they do. 
One approach to the problem of modeling a radial flow 
reactor was recently taken by Dalvie, et. al. (18]. In this 
study, a finite element boundary value model ws used to 
describe the impact of operating parameters (pressure, power, 
flow rate) on etch rate and process uniformity for the 
etching of silicon in CF4 • These investigations were 
primarily interested in developing an understanding of the 
structure of the discharge as a function of electrical 
parameters, as well as describing the transport and reaction 
of the neutral species which govern etching. 
The surface reactions of F with silicon is considered by 
modeling the lower electrode by a series of concentric rings 
of silicon, with no loss reactions occurring in the system. 
The system is then modeled with momentum and heat transfer 
equations over the reactor with reaction occurring at the 
flow boundary (on the lower electrode). 
The model explains etch rate nonuniformity as being the 
result of changes in reactant gas residence time in a radial 
volume element, along with the time scale of F formation. 
The model was able to predict local fluorine concentration 
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minima above silicon substrates. As explained in the paper: 
''the F concentration goes through local minima above the 
silicon ... The resulting nonuniform etch rates will eventually 
lead to uneven clearing of silicon from the substrate." 
Potential solutions to alleviating nonuniformities in the 
reactor were offered: 
1. Lower power to reduce etch rate. 
2. Raise F diffusivity by reducing pressure 
J. Introducing an F atom sink between wafers by using a 
special electrode coating. 
The approach taken in the studies by Dalvie, et. al. provided 
some interesting observations. However, the approach taken 
in the present study will incorporate more of the chemical 
kinetics of the reacting system, along with the mass transfer 
characteristics of the process. 
As mentioned previously, studies of the reaction of 
silicon in NF3 performed earlier es~ablished the presence of 
an upturn in silicon etch rate near the reactor center (1]. 
Explaining this peculiar radial nonuniformity quantitatively 
is the objective of the present modeling effort. 
The first approach to modeling the system builds on the 
concept of a silicon tetrafluoride etchant. In this model, 
an SiF4 dissociation reaction is incorporated into the 
Stenger and Akiki rate model described in section 2.3. The 
model incorporates diffusive as well as convective flow 
terms. The SiF4 , formed as an etch product, thereby acts as 
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an additional source of reactive F near the reactor center. 
Earlier work has shown that SiF4 can be used as a silicon 
etchant in a plasma discharge [19] . 
An entirely different view of the reacting system is 
I 
taken with the second model. Here, the reactor is viewed as 
a two dimesional medium where diffusion and reaction occur 
simultaneously. A finite element model is formulated which 
vie~s the system as a set of continuous flow stirred tank 
reactors (CSTR's) which interact with the reactive gases. An 
approximate model is derived and simulated, and the resultant 
predictions are compared with experimental data. 
3.2 Experimental 
The etching for this work was conducted in a PlasmaTherm 
PK-24 radial flow reactor. The electrode spacing for all 
runs was 1.57 cm and each electrode was 55.9 cm in diameter, 
giving an electrode area of 2450 cm2 and a reactor volume of 
3 3850 cm. NF3 and Ar were fed separately through individual 
mass flow controllers and mixed upstream of the reactor. For 
the data reported here the reactor pressure was held at 40 
Pa, the electrode temperature at 25°C, t~e inlet mole 
fraction of NF3 in,Ar at 0.4, and the applied power density 
2 at 0.41 W/cm. 
Single crystal 50 mm silicon wafers were used for 
etching. Each sample was weighed immediately before and 
after etching and the etch rate was calculated as the 
Page 20 
difference of the two weights divided by the etch run time. 
3.3 The SiF4 Dissociation Model: Theory 
The presence of an upturn in etch rate near the center 
of a radial flow reactor places a significant limitation on 
etching uniformity. Observed values between 20-25% were 
found in these investigations. At the time in which this 
observation was made, the upturn in etch rate was believed to 
be the result of an increased electric field strength near 
the center of the reactor. Earlier observations of radial 
nonuniformities have been attributed to depletion of active 
species (20]. 
The SiF4 dissociation model attempts to explain the 
increase in etch rate by postulating the participation of a 
fourth reaction in the reaction mechanism (see section 2.3). 
This reaction is the electron impact dissociation of the SiF4 
etch product: 
2F + SiF2 [4] 
Silicon tetrafluoride has recently received attention as 
a silicon etchant and is the subject of ongoing investigation 
into its application as an etchant gas [19]. The 
dissociation of SiF4 can potentially act as an additional 
source of F which then participates in the downstream etching 
of silicon. If the dissociation of SiF4 proceeds favorably, 
we would expect an increase in active fluorine concentration 
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and a corresponding rise in etch rate near the reactor 
center ... 
A second order reactor model incorporating the effects 
of convection, diffusion and reaction was chosen to attempt a 
fit to experimental etch rate data [21]. The objective was 
to numerically model the concentration of fluorine (and 
corresponding etch rate of Si), and concentration of SiF4 as 
a function of radial position in the reactor. The general 
modeling expression 
d 
-- (vC. r) 
1 dr 
CONVECTION 
where.i = F, SiF4 
I is: 
-
d de. 
1 
-- (rD. ---) 
dr 1 dr 
DIFFUSION 
-
rR. 
1 
REACTION 
- 0 
From the proposed reactions, component rate of 
consumption expressions can be w1itten for the species of 
interest: 
-
-
RSiF4 
where k 4 • = k 4ce-
-
-
+ -
+ 
[5] 
[6] 
[7] 
These rate expressions are substituted into the above 
modeling expression (equation 5) to produce two second order 
O.D.E. 's v1hich are expressed in dimensionless form: 
(1 - NPel) dfF 
-
---------... ---(1 - z) dz 
- {(NMTl + NMT2)fF - NMT3fSiF4} 
[8] 
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• 2 
d fSiF4 (l - NPe2) dfSiF4 
-------- == 
... ___________ ------
dz 2 
where z 
(1 - z) dz 
= 
-
1 - r/r0 and r 0 = radius of reactor 
CF/cF,o 
[9] 
£SiF4 = CSiF4/cF,o and cF,o = inlet F concentration 
NPe'NMT = dimensionless numbers (see Appendix A) 
These second order O.D.E.'s can be expressed as a set of 
four first order O.D.E.'s in a form suitable for numerical 
integration: 
Let yl 
y2 
y3 
y4 
yl ' -
y I = 
2 
YJ I -
Y4 I --
-
-
-
-
-
-
-
dfF/dz 
~fSiF4/dz 
F 
fSiF4 
(l - NPel) 
yl -----------(1 - z) 
(l - NPe2) 
---------- y2 (1 - z) 
- {(NMTl + NMT2)Y3 
+ -
- NMTJY4} [10] 
(11] 
[12] 
[13] 
Equations 10-13 form the model for the NF3 etching of 
silicon in a center pumped plasma reactor. These modeling 
equations were submitted to a Runge-Kutta-Verner fifth and 
sixth order numerical integration subroutine, which provided 
numerical predictions of the concentration profiles of F and 
SiF4 . 
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3.4 The SiF4 Dissociation Model: Results and Discussion 
The objective of this investigation was to determine a 
best fit of the radial flow reactor model to the observed 
etch rate data at various flow rates. The total silicon 
loading used was 80 cm2 (four 50 mm wafers). For all of the 
runs the wafers were placed at measured radii, in a single 
row. For each flow rate, the etch rate was observed to 
decrease, pass through a minimum and then increase near the 
exit. 
In order to determine a base case fit of the model to 
the observed etch rate, data from an intermediate flow rate 
was fit to the model first. Initial conditions for the 
integration were empirically chosen to minimize the observed 
difference between the model and experimental data. Initial 
conditions for the Y1 and Y2 parameters were chosen to be 
equal and opposite in sign. The initial condition for Y4 was 
held equal to zero for all runs. The rate constant k4 1 was 
then chosen so as to provide the desired etch rate increase 
at the final wafer position. A value of 925 min-1 provided a 
best fit of the model to the data. The k4 1 value determined 
in this manner was then applied to the remaining flow rate 
conditions. Initial conditions for the remaining flow rate 
conditions were empirically chosen .in a manner similar to 
that explained above. The coefficients contained in the 
integration formulae were calculated for the applicable 
conditions of each run and are summarized in Table II. 
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Expressions used to calculate t~ese values are given in 
appendix A • 
TABLE II Dimensionless Coefficients at Various Flow 
Velocities 
Flow Velocity 
V(r) 
0 
(cm/sec] NPel NPe2 
----~------...,-- ---- ----
1.65 .054 .127 
3.75 .123 .289 
5.25 .173 ' .405 
6.75 .222 .520 
8.85 .292 .682 
NMTl = 1.76 NMT2 = .527 NMTJ = 28.44 
NMT4 = I~03 NMTS = 33.28 
Figures 3-1 through 3-5 illustrate the fit of the 
reactor model to the etch rate data, for a value of k4 1 equal 
to 925 min-1 • In these figures, experimental etch rates have 
been converted to dimensionless form to facilitate comparison 
with the numerical model. Dimensionless [F] is shown plotted 
versus dimensionless distance from the gas inlet (z). The 
model prediction is indicated by the continuous curve, and is 
also shown in discrete form by a point which averages the 
data across the diameter of a wafer. In all five cases, the 
numerical model predicts an upturn in etch rate near the 
reactor center. 
Figure 3-6 shows the predicted profiles for SiF4 at each 
flow velocity. According to the model, the SiF4 
concentration experiences an initial build-up due to the 
formation of etch products, then rapidly decreases due to 
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dissociation. The additional active fluorine provided by 
this dissociation reaction causes the upturn in etch rate 
near the reactor center. 
As described above, initial conditions for integration 
were chosen so as to provide the closest agreement between 
the model and the experimental data. Values of the initial 
conditions as a function of flow velocity are contained in 
Table III, and are plotted in Figure 3-7. Least squares 
regression lines through these points very nearly model this 
relationship by a straight line through the origin. 
TABLE III Initial Conditions at Various Flow Velocities 
Flow Velocity 
V(r0 ) [cm/sec] 
---------------
1.65 
3.75 
5.25 
6.75 
8.85 
----
-0.125 
_;0.300 
-0.375 
-0.500 
-0.700 
---- ----
0.125 0.065 
0.300 0.155 
0.375 0.225 
0.500 0.270 
0.700 0.340 
The SiF4 dissociation model provides good agreement 
between predicted etch rate behavior and experimentally 
observed etch rates. However, a number of critical 
assumptions are made, particularly with respect to the 
initial conditions of integration. As a check on the 
validity of these assumptions, a .test for the existence of a 
theoretical minimum of the F concentration profile was 
performed. The rate expressions from section 3.3 are used to 
µ 
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develop a model for the concentration of fluorine in the 
reactor (equations (6] and [7]). Applying the reaction rate 
equations to a well-mixed reactor model is accomplished using 
steady-state component balances: 
-
-
t R. 
r 1 [14] 
Using this relation for the fluorine component yields, after 
simplification, the following expression for [F] 
concentration: 
[F] 
[ F] . in [15] --
----------------------------------
-----------
A minimum to this expression can be found (if one exists) by 
setting the derivative d[F]/dt equal to zero. The resulting 
r 
expression is, after simplification: 
-
- 0 
(16] 
Solving this quadratic expression for a real root gives an 
inequality for the rate constants k 2 and k 3 : 
[171 
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For positive values of the rate constant k2 (Silicon etching 
reaction), the right hand side of the above inequality is a 
negative quantity. If the inequality holds, then the rate 
constant k3 (fluorine loss reactions) must be negative . 
Therefore, the only conclusion which can be drawn from this 
' 
analysis is that a model which accounts for SiF4 dissociation 
will NOT predict a minimum in fluorine concentration. The 
fact that a k3 rate constant is predicted to be negative 
indicates that the fitted dissociation model contradicts with 
the kinetic parameters found by Stenger and Akiki. The 
conclusion drawn from this analysis is that, in spite of the 
agreement achieved between predicted and observed etch rates, 
the SiF4 dissociation model is not a feasible model for the 
radial flow reactor. 
An alternative model which approaches the modeling of 
the reactor from an entirely different perspective is 
presented next. 
3.5 The Mass Transfer Model: Theory 
An alternative model which describes the behavior of the 
experimental etch rate has been developed. This model 
combines the kinetic model described earlier with a mass 
transfer model which accounts for the convective and 
diffusive transport of reactants across the reactor chamber • 
3.5.1 A Finite Element Diffusion Model 
A detailed model which quantitatively describes the 
~ 
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etching of silicon as a function of position in the reactor 
has been formulated. The approach taken to modeling the 
system consisted of generation of a two-dimensional finite 
element mesh over which the reactor modeling expressions and 
boundary value constraints were applied. The reactor 
modeling expression (equation 5) used earlier to describe the 
SiF4 dissociation model is used here to describe the 
concentration of fluorine in the reactor. This expression, 
cast in polar coordinates, can be stated as follows: 
1 d ~y a 
( X ) 
~x dx + -X X 
where, 
y = reduced concentration of fluorine 
x = reduced radius r/r 
0 
• 
- by - cy - 0 
[18] 
The expression1 above ·holds in areas where silicon is being 
etched, or in'the interval: 
Xj_ (cos - { cos 2 
where, wi = rwfr 
- ( 1-w I 2 ) ] 
l. 
X 
In areas where.silidon is not present, the following 
expression holds: 
1. a 
+ -
X X 
-
by 
• I 
-
- ( 1-w I 2 ) ] 
[19] 
0 (20J 
The constants in equations 18 and 20 are defined as follows: 
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a == ---- b = -----
[21] 
' 
C = 
---------
The boundary conditions on the inlet and exit concentration 
gradients of fluorine are: 
1 ~y p - 1 --- --- - 1 - y INLET - -
~x a 
\y 
(22] 
p ,.._ 0 --- - 0 EXIT -,.._ 
~x 
A sketch of a particular configuration of a reactor chamber 
is shown in Figure 3-8. 
Prior to development of the details of the above model, 
it was decided that formulation of an approximate model which 
embodied the salient features of this finite element model 
would be performed. The effort required in developing the 
approximate model would be significantly less and would 
provide validation of the theoretical approach taken in the 
detailed model described above. This approximate model, and 
its associated data, will be described here. For a detailed 
report on the results of the finite element model, see 
appendix B [22]. 
3.5.2 An Approximate Mass Transfer Model 
The approximate model describes the workings of the 
radial flow reactor by a series of 2 well-mixed reactors 
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• 
(Continuous-flow Stirred Tank Raactors or CSTRs) in series. 
The etching of ahsilicon wafer in the reactor is thus 
approximately described by a model with the properties shown 
in exhibits A and B below: 
• 
• 
r - radius of reactor 
0 
radius of wafer rw --I ~ distance from rl --
reactor center to 
wafer center 
0 - inscribed angle 
EXHIBIT A: Schematic illustration of reactor with a low 
value for r 1 
Within the reactor, we can predict that the kinetics of the 
etching and loss reactions will result in loss reactions 
occurring in region I (which will be called Reactor I) while 
etching and loss reactions will both occur in Reactor II. 
Diffusive replenishment, or mass transfer as described in 
this model, will occur in the locations where a fluorine 
concentration gradient is develops. Notice how in Exhibit A 
for a small value for r 1 the sector for reactant gas flow is 
quite large. The reactor diagram for a large value of r 1 is 
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shown in Exhibit B below: 
.. 
t 
EXHIBIT B: Schematic illustration of reactor with a high 
value for r 1 
Note that for the case of high r 1 the sector for reactant gas 
flow is significantly smaller. 
·Based on a steady state fluorine balance over reactor I 
(see equation 14), the concentration of fluorine leavin9 the 
first reactor can be expressed in terms of the entering 
fluorine concentration, taking account for loss reactions 
occurring in this region: 
Reactor 1 
[F]in I 
----------L--------
1 + k3 (VI/QI) 
[F]out,I - [23] 
where, VI= volume of reactor I 
QI= volumetric flow rate into reactor I 
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Similarly, a fluorine balance can be written over 
reactor II, this time relating the concentration leaving the 
second rea~tor to the concentration leaving the first reactor 
(or entering the second reactor). This time, account is 
taken for etching reactions as well as loss reactions (since 
reactor II represents the region of a silicon wafer). In 
addition, diffusive replenishment is accounted for by the 
inclusion of a mass transfer coefficient, which is treated as 
an adjustable parameter: 
Reactor 2 
[F]out,II 
[F]out I (l + k a/QII) 
- ----------------L--------g------------------
where, = volume of reactor II 
= volumetric flow rate into reactor II 
mass transfer coefficient 
The rate of silicon etching can then be determined by 
the component rate expression: 
Rate of Silicon Etching 
where, v8 i = specific volume of silicon ( 12 cm3/mole) 
The expressions used to calculate the parameters in equations 
24 and 25 are as follows: 
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(QT= total volumetric flow rate) 
Equations 24-2.6 form the approximate model for the 
etching of silicon in a radial flow reactor. Using these 
expressions, it is possible to predict the etch rate of 
silicon at various positions along the radius of the reactor. 
The model is approximate since the presence of multiple 
wafers is ignored for purposes of providing an analytical 
solution. A more exact representation is provided by the 
finite element model described in section 3.5.1 and appendix 
B. The model was fit to the same aata as used in the SiF4 
dissociation modeling work. A computer program was used for 
the numerical calculations. The inlet fluorine concentration 
was calculated from the known NF3 inlet concentration and 
mole fraction, using the stoichiometry of Stenger and Akiki: 
where, 
[F]in,I -- -----------
RT 
YNF3 p 
R 
T 
= NF3 mole fraction (0.4) 
= reactor pressure 
gas constant 
- reactor temperature 
[27] 
The entering fluorine concentration is then used to determine 
the concentration of f~orine for various radial positions, 
which in turn is used to calculate the corresponding etch 
rate of silicon from equation 26. 
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3.6 The Mass Transfer Model: Results and Discussion 
To re-iterate, it is the objective of this investigation 
to describe the observed radial nonuniformities present in a 
center-pumped plasma reactor, particularly the observed 
upturn in etch rate near the reactor center. Using the 
approximate model, it is possible to predict etch rates of 
silicon as a function of radial position. This was performed 
by defining the parameters of the model according to the 
operating conditions of the etching runs, and allowing the 
mass transfer coefficient to be an adjustable parameter. 
A best case fit of the model to experimental data did 
correctly predict an upturn in etch rate near the reactor 
....... 
center. For each flow rate condition, aka value was chosen g 
which provided as close a data fit as possible. Figures 3-9 
through 3-13 illustrate the fit of the approximate model to 
the experimental data. The model prediction is indicated by 
the continuous curve, and is also shown in discrete form by a 
point which averages the data across the diameter of a wafer. 
As can be seen, some discrepancies exist at lower flow rates 
at the extreme radial positions. Nonetheless, there is good 
agreement with the experimental data, and the important 
characteristic upturn is predicted. 
Values for the kga parameter used for the model are 
summarized as a function of total flow rate in Table IV 
below. The data is also shown in graphical form in Figure 
3-14. As shown in this figure, the mass transfer coefficient 
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is empirically found to vary linearly with flow rate. 
TABLE IV Mass Transfer Coefficients at Various Flow Rates 
Flow ~ate 
QT (cm /min] 
Mass Transfe3 Coefficient k a [cm /min] 
_______ g __________________ _ 
-----------~--
11 
25 
35 
45 
59 
15000 
190Q(j 
26300 
28000 
31000 
Two checks were performed on the validity of the 
assumptions of the model. One of the assumptions involves 
the the use of an adjustable mass transfer coefficient in the 
model. Using the range of predicted mass transfer 
coefficients, it is possible to calculate a characteristic 
diffusion length for the reactor by using the following 
equation: 
where, A 
DF 
1 
------ (28] 
1 
= 2~ r h (diffusion cross-section of reactor II) 
= diff~sion coefficient for fluorine (see Appendix 
A.1 for value) 
= characteristic diffusion length (cm) 
Using this relation, the characteristic diffusion length is 
calculated to be between 42-84 cm, a reasonable number when 
compared with the dimensions of the reactor. 
A second check involved the assumption that mixing 
occurs by a diffusive mechanism. The use of a CSTR model is 
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valid only if no forced mixing occurs in the reactor, or 
under a condition of laminar flow. Reynolds numbers for the 
flow conditions employed in this study were calculated to be 
below 200, -therefore we are in a condition of laminar flow 
and no forced mixing is occurring in the system . 
In conclusion, the approximate model provides good 
agreement with experimental data. A mass transfer 
coefficient was employed to describe diffusive replenishment 
which was found to vary linearly with flow rate. And 
significantly, the model predicts an upturn in etching near 
the center of the reactor. The behavior of the reactor can 
almost be predicted intuitively by close analysis of this 
model. Reactive gas reaches wafers near the outside of the 
reactor before significant loss reactions have occurred, 
however these wafers cut a smaller sector of flow (see 
Exhibit B, section 3.5.2). As we progress inward toward the 
center of the reactor loss reactions become more significant, 
but the wafers are fed by more reactant gas due to a larger 
sector of flow (see Exhibit A, section 3.5.2). This 
"tradeoff" between reactant supply and loss reactions 
explains the U-shape or upturn in the etch rate profile. 
A detailed two dimensional simulation model is provided 
by the finite element formulation of section 3.5.1. This 
model contains essentially the same mechanism as described in 
the approximate model. The studies performed with this model 
~ 
are described in Appendix B. 
Page 37 
I 
I 
I 
,J 
I 
' . 
IV. CONCLUSIONS 
The technology of plasma etching presents many desirable 
and necessary advantages over its competitors. The 
objectives of this research has been to indicate how modeling 
can be used to effectively reduce the complexity .jlf the 
• 
phenomena occurring within a plasma process. 
It must be emphasized that reactor modeling does not 
offer quick and easy solutions to process selection and 
optimization questions. Clear-cut solutions are rare and 
elusive. The key argument for the usage of a reactor model 
is that interpretation of results is difficult without a 
sound behavioral theory. Without a model, process 
optimization must therefore be based on empirical 
observations and statistical analysis. Elimination of the 
guesswork associated with process optimization is a primary 
benefit. 
The modeling work described here was perfo:rmed for a 
radial flow plasma reactor. Radial flow batch systems are a 
subset of a large family of commercially available plasma 
systems described earlier. The most common problem 
associated with these systems has been batch etch rate 
nonuniformity. This phenomena was studied here with regard 
to the etching of silicon in NF3 . Two models were presented 
which accurately predicted the experimentally observed etch 
rate profile. 
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The first model involved the incorporation of an SiF4 
dissociation reaction into the model of Stenger and Akiki. 
An upturn in silicon etch rate near the reactor center was 
correctly predicted, caused by the release of reactive 
fluorine in the dissociation of the ·siF4 reaction product. 
This model was rejected based on the lack of soundness of its 
assumptions. As proven earlier, the existence of a 
theoretical minimum in the fluorine concentration profile was 
found to be impossible within the kinetic framework. 
• 
A second model which combined the kinetic model with a 
mass transfer model was also able to predict the observed 
etch rate phenomena. This model included the effects of mass 
transfer, or diffusive replenishment, along the radial 
geometry of the system. The results were believed to be 
based on sound theory and this model is therefore recommended 
for describing the behavior of the radial flow reactor for 
the etching of silicon in NF3 . A detailed boundary value 
model was also presented briefly in·section 3.5.1, which 
described the model over a two dimensional array. Further 
studies of the parametric behavior of an industrial scale 
reactor which employs this model. have been performed [22]. 
The approach employed in this research can be called 
simulation modeling. Much attention has recently been paid 
to process simulation in the area of operations management . 
• 
In order to establish the role of modeling and simulation in 
the production environment it is useful to consider the 
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following list of the disadvantages and advantages of process 
sim11lation [23]: 
DISADVANTAGES 
- By necessity, a simulation model is simpler than the real 
system, therefore important elements may not be captured 
in the model • 
- While a great deal of time and effort may be spent in 
developing a model, there is no guarantee that the model 
will provide accurate results. 
- Modeling efforts can take long periods of time and are 
thus costly. 
- Simulation may require a significant amount of computer 
time to run complex models. 
- There is a danger that the results of a simulation can be 
extrapolated beyond the experimental range. 
- There is no "standard" approach to modeling. Models of 
the same system built by different individuals may differ 
widely. 
ADVANTAGES 
- Computer simulation of a model is simpler than the real 
system and more convenient to manipulate. 
- Developing a model for the real system often leads to a 
better understanding of the system. 
-
-
-
-
Simulation permits time to be compressed: years of 
experience can be gained through simulations which run 
minutes. 
Simulation can be used as a training aid. 
Simulation does not disrupt the ongoing activities of the 
real system. 
Simulation can answer "what if" questions. 
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Through modeling approaches such as those described in 
this research, process design, selection and optimization can 
be greatly facilitated. Care must be taken in extrapolating 
the results beyond the experimental parameter range, and 
attention must been paid to incorporating the effects of 
critical parameters (pressure, flow rate, power) into further 
studies using this model. Also, the transient behavior of 
the model is not known, since our goal was to pred.ict etch 
rate, and not etch removal with time. The model would be 
enhanced if a temporal component were added. Despite these 
constraints on the model, it is felt that this model 
represents a significant step toward understanding the batch 
reactor radial flow nonuniformity problem. Clearly, the next 
important step is to identify the operating regime which 
minimizes etching nonuniformity . 
Achievement of process ground rules for future device 
technologies depends on the application of plasma technology. 
Reactor modeling techniques such as those described here will 
play an integral role in the future successes of plasma 
• processing • 
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FIGURES 
-------RF-----~ 
Figure 2-1. Volume loading or barrel 
reactor configuration. RF power is 
applied to external coils and wafers 
are loaded along the axis of the tub~. 
~-RF 
. :. . 
. . . 
. I . 
. i ' 
. . 
.. 
Figure 2-2. Parallel plate or radial flow 
reactor. Wafers are loaded on a grounded 
electrode and RF power is applied to the 
upper electrode. 
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Ion Etching. 
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APPENDIX A: Nomenclature 
A.1 The SiF4 Dissociation Model 
Expressions for dimensionless numbers: 
Peclet Numbers: 
- ------- -
V(r )r 0 0 __ _. ___ _ 
0siF4 
Mass Transfer Numbers: (Modified Thiele Moduli squared) 
4k2aSiro 
2 k3 r 0 
2 
NMTl NMT2 - --------- ------
OF OF 
2k 'r 2 k2aSiro 4 o 
-
2 
NMTJ NMT4 ------- - ----------
OF 0siF4 
2 k 'r 
NMTS 
4 o 
-
-------
0siF4 
DF 850.0 
2 
- cm2/sec -
DSiF4 363.2 cm /sec 
Parameter Definitions: 
= Silicon loading (sq.cm. of Si/cu.cm. of reactor) 
= Concentration of species i (moles/cu.cm.) 
= Diffusion coefficient of species i (sq.cm./sec) 
= Dimensionless concentration of fluorine 
= Dimensionless concentration of SiF4 
: NF3 dissociation rate constant 
- Etching reaction rate constant (cu.cm. of 
reactor/sq.cm. of Si-min) _1 
= Fluorine loss rate constant (min ) 
= SiF4 dissociation rate constant _1 
= k4 c _, effective rate constant (min )· 
= Mas~ Transfer number 
= Peclet number 
= Distance from the center of the electrode (cm) 
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Electrode outer radius (cm) 
Rate of consumption of species i (moles/cu.cm.-min) 
Inlet gas flow velocity (cm/sec) 
First derivative of dimensionless [F] 
First derivative of dimensionless [SiF4 ] Dimensionless [F] 
Dimensionless [SiF] 
Dimension~ess distince from gas inlet 
A.2 The Mass Transfer Model 
Parameter Definition: 
= electrode separation (cm) 3 
= mass transfer coefficien! (cm /min) 
= volumetric flow rate (cm /min) 
radius of reactor 
distance from reactor center to wafer center 
= radius of wafer 
dimensionless wafe3 radius [rw/r] 
= reactor volume (cm) 
= reduced radius [r/r] 
= reduced concentrati8n of fluorine 
= inscribed angle 
= boundary location parameter 
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ABSTRACT 
A model including the cff ects of diffusive flow can be used to predict t.he 
etch rate of crystalline silicon in a plasma discharge of nitrogen trifluoride. The 
case of a radial flow reactor, with crysta11ine silicon wafers located at discrete 
positions can be solved using a finite element solution to a boundary. value 
problem. Such a model is useful to predict the effects of pressure, Oow rate o( 
etchant gas, percent silicon exposed, and wafer position on both inter- and 
intra-wafer etch rates. IL was found from modeling that greater uniformity in , 
etch rate is achieved at higher flow rates, lower pressures, and lower percent. 
exposures of silicon. 
SCOPE 
Plasma etching is a major processing step in the fabrication of integrated 
circuits and is becoming increasingly vital as circuit dimensions continue to 
shrink. The current industry emphasis is tutning towards high yield '.processes 
at the expense of throughput for the production of high value· added circuitry. 
This trend has caused circuit manufacturers to replace large react.ors, where tens 
of wafers can be etched simultaneously, with single wafer reactors which are 
believed to have greater etch rate uniformity and therefore higher circuit yielda 
.. 
(Mathad, ]985). A major contribution to the electronics industry can be made 
by providing an understanding of the causes of nonuniform etch rates in the, 
and ' -----.. 
muliple wafer reactors, and determining reactor design improvements 
operating conditions that will increase uniformity and thus maintain 
throughput without, sacrificing yield. 
high 
Through modeling the multiple wafer reactors, the inOuenfe ·of process 
variables such flo
w rate and .percent silicon exposed can be 
as pressure, 
1 
I 
I 
I 
I 
examined systematically, rather than relying on databases of experimcnteJ 
' 
results. Applying the f undnmental equations of continuity to commercial 
mulliple-waf er reactors combined wilh experimentally verified chemical kinetics, 
results in the ability to calculate etch rate as a function of location in a plasma 
etching reactor. ln previous work (Stenger and Akiki, 1986), our group has 
developed the chemical kinetic parameters needed to predict etch rate. In the 
present work we use those parameters to model a radial flow plasma react.or 
with various wafer locations and loadings. 
CONCLUSIONS AND SIGNIFICANCE 
Etch rates of silicon wafers in a plasma discharge of nitrogen trifluoride 
were measured · u a (unction of wafer location in a radial . flow reactor. 
Variations in flow rate, reactor loading and wafer positioning were investigated. 
A aiscrete partial differential model was written and solved using finite 
elements to predict the etch rate based on previously measured reaction rate 
parameters (Stenger and Akiki, 1986). . To include the effects of the low 
operating pressures in plasma etching ( <60 Pa), flow by diffusion was included 
which resu1ted in a linear· second-order partial-differential equation subject to the 
Danckwerts' boundary conditions. The solution was complicated by the discrete 
nature of the silicon wafers. Since the reactor was not uniformly covered by 
silicon, the model was solved with an etch rate term in the presence of silicon, 
and wit.bout the etch rate term in locations of the reactor where there was no 
silicon. 
The model succesfully predicted the etch rate of silicon within accuracies of 
+/· 5% for wafers located in various patterns within the reactor and inlet gas 
now rat.cs bcL\\'CCn 11 end 59 standa.rd cubic centimeters per minute. It. was 
2 
-····· 
. - .......... . 
also able to predict the existence and location of a minimum in the' etch rate 
between the inside and outside reactor radius, which was also observed 
experimentally. The model was extended to evaluate the intra-wafer 
nonunif ormities in etch depth for a reactor with a single wafer being etched, as 
well as the inter-waf cr nonuniformities in etch depth for a ruct.or with a 
commercial )oading of wafers. For the single wafer case, increases in uniformity · 
were achieved for increasing flow and decreasing pressure. For the commercially 
loaded reactor, uniformity was nearly independent of flow rate, and increased 
with decreasing pressure and decreasing silicon exposure (percent of wafer that is 
etchable). 
.. 
3 
... 
' ' 
.. . 
• 
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INTRODUCTION 
Etching is· the process of selectively removing material to define features 
such as lines, holes, or trenches in. semiconductor materials. In plasma etching 
a glow discharge is used to generate highly reactive etching species from 
relatively inert gases. The discharge is maintained between two electrodes with 
one electrode driven with an oscillating voltage, while the other electrode is 
maintained at ground. Energetic electrons emitted from the driven electrode 
react with neutral molecules to form active free radicals and positive ions. The 
voltage oscillations result in long electron lifetimes thus increasing their 
reactivity. Masked semiconductor wafers are placed either on the driven or the 
. 
grounded electrode. For commercial reactors the shapes of the electrodes include 
concentric cylinders, barrel shaped polyhedra, symmetric parallel plates, and 
unsymmetric parallel plates. The reactor sizes are large enough to hold up to °' u, 
eighteen 125mm wafers or u small as just or.·z wafer. The reactor pressures are 
low, typically less than 1 torr and can be as low as 10 millitor for special 
applications of reactive ion etching (Bollinger et al, 1984). Reviews of reactor 
technology are given by Fonash (1985) and Mathad (1985) and of plasma 
physics by Sawin (1985). 
The number of etching gas-solid combinations is large (Flamm et al, 1984). 
However in almost all cases the etchant product is a volatile halogen compound 
of the etched solid. For silicon etching, NF 3 (Bower, 1982i Jan no et al, J 981 i 
Stenger and Alciki, 1986), SF 6 (Eisele, 1981) and CF 4 (Flamm, 1979) have all 
. 
been shown to be good etch ants. For et.cbing aluminum o_r aluminum-copper, 
CCI_. (Tokunaga and Hess, 1980), Cl2 and/or BCl3 (Hess, 1982) arc commonly 
used clchants. ?vfolybdenum and tungsten silicidcs are etched rapidly with NF 3 
. '. 
(1{orman et al, l 983) and CF 4/02 (Chow and Steck I, J 984). Hydrogen is added 
to the fluorinated compounds to accelerate the removal of oxygen in silicon 
~ioxidc (Ephrnth, 1979), while oxygen can be added lo prevent the depoGilion or 
polymeric residue when etching with CF~ or SF 6 (Mogab et al! 1978). In the 
present "'ork, NF 3 etching of Si is examined ·specifically, however much of the 
kinetic modeling is generic and can be applied to other etching systems. 
Common to all etching eyglems are two major processing difficulties: etch 
anisotropy (01 the ability to produce clean vertical walls when ~tching) and etch 
rate uniformity from wafer-to-wafer and within a single wafer. Determining the 
causes of isotropic etching and nonuniformity requires s.n accurate understanding 
of the chemical and physical reactions occuring as we)] as an 8.ccurate model of 
the reactor's fluid dynamics. Attempts have been made to quantify the 
influence of reactor geometry on etch rate (Battey, 1977; Mogab, 1978; Wi~ters 
et al, 1978; Zarowin, 1984 and 1985; Alkire and &onomou, 1985; Jens~ et al, 
1986), however only a few prcdieti11c models which are useful for correcting 
nonuniformity and isotropy problems exist. For example, Alkire and Economou 
(] 985) show the importance of waf cr spacing when stripping photoresiat in a 
barrel reaclor, however they do not extended their work to semiconductor 
materials in parallel electrode systems. Jensen et al (1986} do consider the 
problem of a parallel electrode system for etching silicon with CF _./02• In their 
analysis they present t~e solution of the et.ch rate in a reactor containing a 
uniform and symmetric loading of silicon in the reactor. Since In practice 
-· 
silicon '\\'afers are discrete sources of silicon the .geometry assumed in their work 
is not comp)ete. 
5 
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EXPERIMENTAL 
The reactor chosen for the present work. has a parallel plate radial no\\' 
conrigurntion and is loaded with silicon wgfcrs al discrelc locations. The radial 
flow configuration is one of the more popular for plasma etching, iilthough it is 
known to exhibit nonuniform etch rates from waf er-to-,wafer and across a single 
wafer. The etchant gas chosen for Lhis work is nitrogen trifluoride dilulcd in 
argon. Etching of amorphous and crystalline silicon in a nitrogen trifluoride 
pla!ma discharge h~ been shown to possess 8everal practical advantages over 
fluorocarbon gas discharges (lanno et al )981). Rapid etch rates and high etch 
selectivity are the primary advantages of NF 3 plasma etching (Woytek et al, 
1984). In addition, NF 3 has the adva.nu,.ge of r,roducing entirely gaseous etch 
products, while fluorocarbon etchants ~e known to form polymer deposils 
during etching, a complication which Jensen et al {1986) omit in their' model. 
However the NF 3 etching mechanism has the disadvantage of being controlled 
by neutral free r8.dlu1s, whjch results in more isotropic (non•verUcal wall) etch 
profiles (Bower, 1082). 
The etching for this work was done in a PlasmaTherm PK .. 24 radial flow 
reactor shown in Figure ] • The electrode spacing was 1.57 cm and the 
diameter of both the upper and lower electrodes were 55.9 cm. These 
dimensions give an electrode area of 2450 cm2 and a react.or volume of 3850 
cm3• Both electrodes were made of slain Jess steel an<l had imbedded coils for 
cooling water circulation. The upper electrode was connected through a resistive 
tuner to a 3 kilowatt radio frequency (13.56 i1Hz) power supply while the lower 
electrode was grounded. 
Nitrogen trifluoride (Air Products and Chemicals) and argon (Union 
6 
<> 
--
' . 
... 
. 
. -- . -...... - -· 
Carbide, Linde Division) "'ere fed separately through individual mass now 
contro11ers (Vacuum G~nera)) and mixed upstream of the reactor. The gases 
entered the reactor through a 1/4 in. perforated tube located at the outer 
perimeter of the lower electrode. Pressure was control1ed with an electrically 
actuated throttle valve located between the reactor chamber and vacuum' pump 
(Alcate) model 2600). 
, 
The etching material used was single crystal silicon (Virginia 
Semiconductor) with the <100> face exposed to the etching gases. The wafers 
were placed on the lower electrode and etch time was typically 30 minutes. 
Etch rates were measured as the weight Joss of the wafer divided by the run 
time. Varying the run time from l G to 45 minutes gave similar etch rates, 
indicating that etch rate wa.s independent of elch time. 
T1IEORY 
CHEMICAL KINETICS 
It is generally . accepted that plasma etching of silicon with fluorinated 
compounds proceeds through the formation of volatile SiF 2 and SiF .c (Flamm et 
al 1984) .. Although the number of possible reactions is large, the overall etching 
phenomena can be represented by a smaJler subset of reactions, made of those 
reactions which are the most probable and which are necessary to explain the 
observed results. 
The first necessary and probable reaction is the dissociation by electron 
bombardment. of NF 3 to form free radical fluorine and NF 2• 
kJ 
+ e- ------> NP3 
-x + xF + e- (1) 
This reaction has been rcportt:d by Greenberg and Verdeycn (1985) and 
• 
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Stenger and Akiki (1986) to be an extremely rapid reaction in a plasma 
discharge. The undetermined stoichiometric coefficient, x, is included in Eq. 1 
since Greenberg and Verdeyen showed that the dissociation reaction may form 
NF, NF 2, and N-(2), indicating that more than one fluorine atom may form 
' from a single electron collision or that sequential dissociation may occur to form 
more than one atom of fluorine from one molecu)e of NF 3• 
Measurements by Flamm et al (1981) have shown that over a wide range 
or temperature and atomic fluorine concentration, the removal of silicon from 
the wafer surf ace is first order in fluorine concentration. Their mechlinism 
. 
postulates that the Si surface is rapidly saturated with fluorine and that the 
rate limiting step is the chemical 
F 
t. p F 
,. ' , 
,Si, 
Si Si 
desorption of SiF 2 (Eq. 2). 
---------> sf Si (2) 
Once desorbed, SiF 2 will rapidly perfluorioate to form stable SiF .c which is 
the observed end product of the etching reaction. . An alternative to chemical 
desorption is ion induced desorption, where an ion, driven by the potential 
difference between the plasma phase and the electrode (which can be several 
4 
tens of electron volts), strikes. the silicon surface and causes SiF 2 to desorb 
(Sawin et· al,_ 1986). From the observations that NF 3 etching is predominantly 
. 
isotropic (Bower, 1982), it. is assumed here t.hat the ion induced reaction is 
negligible. 
Although atomic fluorine is relatively Jong Jived at the low pressures or the 
discharge ( <60 Pa), it . has a finite probability of recombining to form molecular 
fluori~e or recombining with NF x radicals to form NF x+t (J{onda and Brandl, 
1984). These reactions have been referred to as loss reactions by J\1ogab (1984} 
8 
0 
. . . 
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since they remove etchant species from the plasma. To incorporate t.h~e 
reactions into the reaction model they are assumed here to have stoichiometric 
coefficients of one for fluorine and zero for all other speciesj to be first order 
with respect to fluorine concentration (with a rate coefficient k.,); and to be 
homogeneous. 
From the proposed reactions, component rate (of disappearance) expressions 
can be written for the species of interest {Eqs. 3 t.o 6) 
Pluorincr rF = -xk1 [NF3 ) [c-] + . "ktLsi + k1 [F] 
NFa• rNF a: k1 [NF3 ) [e-J 3 
Silicon, rsi - -k1 [F]aLsi 
SiF4 a rsiF K -k1 [F] -Si 4 
(8) 
(-i) 
(5) 
(8) 
In earlier work in our laboratory, Stenger and Akiki (1986) determined 
values for k1, x, kl' and k., at. 25°C using mixtures of NF 3 and Argon in our 
PK-24 react.or. In their work, ·under the assumption of a we1l mixed. reactor, 
they found k1 to be immeasurably large and within experimental accuracy was 
essent.ia1ly infinite. This measurement indicates that fluorine atoms are 
generated instantancous]y at the reactor entrance and are tlien depleted due to 
Joss and etching reactions between the . reactor entrance and exit. The 
stoiciometric coefficient x obtained from their work was 1.83, indicating that one 
to two fluorine atoms are generated per molecule of NF 3 introduced into the 
reactor. Their further results report that the reaction rale constants, k1 and kJ' 
-were experimentaJJy determined to be 23.5 cm/sec and 0.57 sec·1 respectively. 
REACTOR JvfODELING Assu_ming steady state conditions, radial flow 
parallel to the electrodes ( " .. = u1 = 0), and the homogeneous fluorine loss 
reaction is first order on the concentration of fluorine, the concentration or 
' 
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nuorine at.oms in the react.or is described by: 
lJc • 
., - Cl: 
, lJ, (7) 
It is convenient to average the concentration equation across the thickness or 
I . 
the reactor, i.e. 
(8) 
. 
2..1" • ~ "• = .!!... {1" [ ! !.(, ~) + .!. a'e. ] cl.r 
2h -A ' Br 2h -A r br lJr ,2 092 
(9) 
The terms D (a~.) represent flow normal to the surface of the electrodes. 
a.1 .s=±la 
There. is flow only at the surface of the wafers; and we again assume the 
etching rate to be a first order reaction on the concentration of fluorine. atoms. 
Thia implies that 
I)(~) =O 0% ~la (10) 
(11) 
.. 
with S(r,9)=1 at the wafers' surface and zero everywhere else. 
2- f" " ac. ,~ = .!!... {1" 21, _,. , a, 2h _,. [ 1 a ( lJe •) 1 82 c. ] } - - r - + - clz · r a, a, ,2 a,2 
si, 
- 2h l - I:/ (12) 
10 
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Making the plausible assumption that the radial and tangcn'tial derivatives or 
the concentration are independent of .r, the vertical average of the fluorine 
concentration satisfies: I 
~ 2.. J" 11. clz = .!!_ {~ ~(r ~) + 2_ 82,. }f' dz 
8r 2h -A ' 2h r or 8r ,2 0 92 -la 
s1, 
- 2h l - 1/ 
8l {1 a ( Ol) 1 a2i } s1:, Ii - ::: D ; a, r or +-- - -l - i; , a, 
,2 882 2h 
(JS) 
From continuity: 
l lJ 
- -(rli ) 
-
0 a,= 'o r, = lio , a, , , (1.C) 
(J5) Ii = --, 
r 
{ 
1 a ( al) 1 a2l } D --r- +--
r a, a, ,2 ao2 
s1., 
- - l - }_l 2h s- (te) ---= , a, 
Boundary conditions need be specified only at the entrance and exit of the 
reactor. We use the Danckwerts boundary conditions. 
at 
Or= r. - = 0 
• iJr 
iJl 
Or = r0 D ar = li0(l-l0) 
(17) 
{18) 
We are eff cct.ivcly neglecting the change in the concentration in the vertical 
direction. This can be heuristically justified by observing that, if the vertical 
concentration profile of fluorine is convex upwards, an upper bound in the 
change of concentration across the thickness of the reactor is given by: 
. 
. 
• 
I 
· a 
. . . . . -. . ' .... . ..... ... . . 
(19) 
The change in concentrBtion relative to the concentration at the wafer surf ace 
(that is ·jn prindp)e smaller than the concentration ·tn the bulk of the flow) will 
' 
then be a modified Biot number: 
l.6c•1mas 2hl:2 
---= B. = --
c • /) 
• 
(20) 
For typical values of the parameters ( D = 1000 cm2 / ~, 12 = 24 cm/ ,ec, 
h = .15 em) this gives Bi = .038 or a maximum variation of 4% in the 
I concentration in the vertical direction. There is, then, no significant error in 
I 
the use of the average vertical concentration in the computation. 
The equations may be made dimensionless by means of the following 
definitions. 
. 
Finally: 
r l 
% = - '= --ro lo 
'o'o iJr02 l2ro' 
a a 
D 6 = .D e = 2hD 
1 lJ2v a aJ/ 
+ - - - - - - 611 - Sc11 = 0 
z2 882 % az. 
a,, 
G·% = %. - = 0 
• as 
alJ 
Oz = 1 - = a(r-1) lJs 
(21) 
(22) 
(23) 
(24) 
The finite element. package TWODEPEP was chosen to solve this problem 
(IMSL, 1983). It is a small general purpose program designed for generality, 
.J 1 12 
.. 
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ease of use, storage efficiency and speed. It solves elliptic, parabolic and 
eigenv al uc partial di ff crcn ti al equations in general two-dimensional regions. It 
includes a preprocessor, a graphic output package and can automatica11y refine 
and grade the triangular mesh. 
RESULTS 
E\'ALUATJON QE KINETIC CONSTANTS 
To verify the accuracy of the kinetic constants determined under the well-
mixed reactor a.ssumption ( k1 and k.,), the data of Stenger and Akiki {1986} was 
reevaluated with the dispersed flow model presented here. Fitting the etch rate 
data from the previous work with the dispersed flow model, k1 and k3 were 
found to be 24.8 cm/sec and 0.55 sec·1 respectively compared to 23.5 cm/sec 
and 0.57 sec·1 Reported by Stenger and Akiki (1986). This close agreement 
between the constants determined from each mode) indicates that the re.actor is 
nearly we11-mixed. }Jowever even with this large amount of dispersion, it will 
be shown that there arc significant etch rate profiles from wafer to wafer and 
across individual wafers. 
COMPARISON QE MODEL WITH EXPERIMENT 
Two loading configurations were chosen to. i1Justrate the influence of wafer 
location and ~afer crowding on etch rate uniformity. Figure 2a diagrams the 
case of an in-Jine configuration where four 50 mm diamete~ wafers are placed in 
a Hnc from the outer to the inner radius. The second configuration, Figure 2b 
referred to as spread-out, maintains the wafers at the same radius· as in Figure 
2a, however each wafer is rotated about the reactor axis 90 degrees. It js 
expected that this second configuration ,•,ould give higher etch rates since the 
availability of fluorine from nonetching areas of the reactor will be greater. 
13 
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For the experimental runs the reactor pressure was 0.30 torr (18.8 Pa), the 
inlet mole fraction of NF 3 was 0.4, the electrode temperatures were 25°C, and 
. the inlet flow rates were varied from l l to 59 seem. The dispersed flow model 
WM solved as outlined previously for each set of experimental conditions. 
parameters used in the mode) solution were k1 24.8 cm/sec, k,=0.55 
The 
x=I.83, and !>=680 cm2 /sec· (Bird et al, 1960). The solution of the model for 
the in-line configuration is plotted in Figure 3 together with experimenta11y 
meMured etch rates for {our inlet flow rates. In Figure 3 the etch rates 
calculated from the model arc the average etch rates over the whole wafer. 
This allows an equivalent comparison to the experimental data, since the 
experimental etch rate was calculated from the weight loss of each wafer divided 
by the run time. 
The fact that both the model and the data show a minimum in the etch 
rate with respect to reactor radius is particularly interesting. Since the kinetics 
assume that the generation of fluorine species is infinitely fast, the maximum 
concentration of r.uorine would be expected at the reactor entrance. However 
the convergence or flow at the reactor center has the effect of increasing the 
concentration of fluorine by supplying F atoms from non-etching areas of the 
reactor. 
Figure • 4 shows · a map of fluorine concentration calculated from the 
dispersed flow mode1. This contou1 plot cleajy shows the fluorine concentration 
vaUey located over the in-line wafers. Since the silicon etch rate is first order 
in fluorine concenlr!!tion (Eq. 6) the fluorine contour plots are proportional to 
etch rate where there are wafers. These contour plots not only provide wafer-
to-wafer information, they also contain useful information about the etcl1 rate 
14 
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profiles over individual wafers. 
Figure 5 shows the results of the model prediction and the experimental 
results for the case of 4 wafers spread-out in the reactor chamber. Again t.he 
model predicts the observed minimum in etch rate and closely predicts the etch 
rate for each individual wafer.· Figure 6 is the corresponding contour plot of 
fluorine concentration for the spread-out case. In this plot, localiied minimun1s 
exist in the fluorine atom concentration (and therefore the etch rate) over each 
wafer. This effect, ref erred to the 'bullseye effect' has been studied 
experiment.alJy before (Nagy, 1984} however to date no model has been derived 
to predict its occurance. 
SINGLE WAFER 
Although the original goal of the model was to examine inter-wafer 
nonunif ormities, Figures 4 and 6 show that intra-wafer information is also 
obtained. To examine this effect more closely, the mode) was solved for the 
case of only one wafer present in the reactor. To increase the observed effects, 
a wafer size of commercial interest was used (125 mm diameter). The reactor 
dimensions were taken from a commercial unit with an electrode diameter of 67 
cm and an electrode spacing of 2.5 cm. For each single wafer mode) solution, 
. 
the wafer was centered at 1/2 the distance from the reactor center to the 
reactor outside radius. Although in commercial practice the reactor is more 
!ully )oaded, the single wafer case does indicate clearly 
nonunif ormity effects obtained in an underloaded reactor. 
the · inter-wafer 
Figure 7 ploLs the contours of the dimensionless fluorine concentration over 
the entire reactor. Since generation of fluorine atoms is extremely rapid with 
nitrogen trifluoride discharges (Greenberg and Vcrdcyen, 1985) the maximum 
15 
j 
concentration is observed at the reactor entrance (outside radius). TJ1e 
homogeneous joss of fluorine {from nonctching reactions) is responsible for the 
decrease in fluorine atom concentration in areas of the reactor v .. hcre no wafer is 
present. Near the wafer the fluorine gradient becomes much sleeper due to the 
etching reaction. 
. 
Figures 8a-d expand the contour plot for the single wafer solution and show 
• 
t.he area directly over the wafer. Figure 8 shows the effect of varying flow rat.e 
from 50 to 200 seem. Although the contour p)otJI in each case reach different 
I fluorine atom concentration minimums, the steepness of the concentration 
I gradienls are similar. To compare these varialions, an elch deplh calculalion 
was made for each wafer &hown in Figure 8. For this calculation, the time 
required to etch 2 micrometers of silicon from the center of the wafer was 
determined using the etch rate expression given by Eq. 5. This time was then 
used to calculate the etch depth as a function of location over the wafer. 
Figure 9 p)ols the results of these calculations. The calculated etch times were 
3.5, 3.8 and 5.1 minutes for 200, l 00 and 50 seem respectively. Figure 9 
iJJustratcs that the extent of overetcbing incurred at the wafer perimeter is 
between 0.5 and 0. 7 micrometers, or between 25 and 35 % of the 2.0 
micrometer desired etch depth. Fjgure g also shows that the overetching is 
on)y slightly dependent on now rate, with higher flow rates giving a more 
uniform etch rate profile. This gain of uniformity is caused by the diffusive 
flux becoming less important at. the higher flow rates combined with the reactor 
approaching the differential conditions of lower conversion. · 
IL' is empirically known that decreasing the pressure has the effect of 
I 
increasing the et.ch rate uniformity across a single "'afcr and from wafer-to-wafer 
16 
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in a single batch (Bollinger et al, 1984). This is expected sine~ diffusion 
coefficients arc inversely proportional to pressure. Figure IO jl) ustra tcs the 
effect of pressure 011 tlie uniformity of etch depth across for the single wafer 
case. This figure sho,-..s that a significant increase in uniformity is achieved for 
' 
a factor of 3 change in the reactor pressure (6.3 Pa to 18.8 Pa). Also evident 
in Figure IO is that the upstream etch depth increases at a greater rate than 
does the downstream portion of the wafer. This is caused by the entrance flow 
effects increasing in importance relative to the diffusional effects. 
C0~1EfiClALLY LOADED REACTOR 
Since industrial applications normally specify larger loadinge of reactors than 
a single wafer, the case of a reactor loaded fully and half ]oaded was modeled. 
Figure 11 shows the commercial wafer loading configuration for 18 and 9 
125mm wafers in a 66 centimeter diameter reactor. Figure 12 plots the fluorine 
atom concentration contour map for the fully loaded reactor case for an inlet 
flow rat.e of 100 seem, a pressure of 12.4 Pa, and a percent silicon exposure of 
30%. The percent silicon exposure accounts for Lhe amount of silicon that 
would be masked by a photoresist or other nonet.chable materia.1. This contour 
plot. shows that the presence of individual wafers is not observable in the 
fluorine atom patterns. To illustrate the effects of several process parameters, 
the etch depth at the outer and inner edge of the wafers in Figure 12 are 
plotted versus reactor radial position. This etch depth is calcul~ted relative t.o 
an etch depth of 2.0 micromelers at a dimensional reactor radius of 0.5. Figure 
J 3 shows that varying the inlet flow rate from 20 to 300 seem has little effect 
on changing the uniformity of etch rate 'from the inlet lo outlet of the reactor. 
This is expected since lower now rates force higher conversions and therefore 
17 
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I 
greater concentration gradients, while higher now rates decrease the importance 
of diffusional backmixing relative to convective now. 
The importance of Jower pressure on etch depth uniformity is illustrated in 
Figure 14. A rapid improvement. in uniformity is achieved as the pressure is 
decreased from 18.8 to 6.3 Pa. This improvement is due to the increased effect 
of diffusional backmixing. Also important is the lower etch rate at Jowcr 
pressures (i.e. lower concentrations of fluorine atoms), .resulting in Jower 
conversions. Thus the reactor approaches the case of a differential reactor. 
The final parameter examined is the percent silicon exposed. Figure 15 shows 
that decreasing the silicon exposure on the 125 mm wafers, rapidly increases the 
unif ormi ly of the etch depth from the inlet of the reactor to the outlet. As in 
the case of lowering pressure, lowering the amount of etchab)e. material decreases 
the fluorine conversion and thus the reactor approaches differential conditions. 
Since the commercial fully loaded reactor did not result in significant etch 
rate gradients in the tangential direction, the case of a half loaded reactor was 
investigated. Figure 15 shows the results of the model for thjs case. Unlike. 
. 
the fully loaded reactor, the location of the wafers is readily observable in the 
fluorine concentration contours. Therefore some variation in the 'etch rate would 
be expected in the I direction for the half loaded case. 
SUMMARY 
Etch rates of silicon wafers in a p1asma discharge of nitrogen trifluoride 
were measured and modeled as a function of wafer location in a radial flow 
reactor. \ 1arjations in flo\\' rate, reactor loading and wafer positioning were 
in,·csLigated. 
.... 
'fhe model succesf uJJy predicted the etch rate of silicon within 
accuracies of ~-/- 5% for wafer located in various patterns \\'ithin the reactor 
18 
' 
and inlet gas flo\\· rat~, between 11 and 59 standard cubic centimeters per 
minute. It Y.'as a]so able to predict the existence and location or a minimum in 
the etch rate bety.•een t.he inside and outside radius, which was alsc, observed 
experimcnta11y. The model was extended t.o evaluate the intra-wafer 
nonunirormities in etch depth for a reactor with a single wafer being etched, as 
well as the inter-wafer nonuniformities in etch depth for a reactor with a 
commercial loading of wafers. For the single wafer case increases· in uniformity 
were achieved for increasing flow and decreasing pressure. For the commercia11y 
loaded reactor, uniformity was nearly independent of flow rate, and increased 
with decreasing pressure and decreasing silicon exposure. 
.. 
... 
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NOTATION • 
a51 = exposed silicon area per volume of reactor 
a = dimensionless averaged radial bulk velocity at 
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Greek: 
' 
the outside radius of the reactor boundary 
= dimensionless loss reaction rate constant 
Biot number 
dimensionless etching rate constant 
concentration of fluorine atoms in reactor 
= averaged concentration of fluorine atoms in react.or 
averaged concentration of fluorine atoms 
at the outside radius of the reactor boundary 
= diffusivity of fluorine atoms in argon 
half the total thickness of the reactor 
dissociation rate constant 
etching rate constant 
- loss reaction rate constant 
- radial coordinate 
rate of disappearance from the gas phase of F 
= rate of disappearance from the gas phase NF 3 
rate of disappearance from the gas phase of Si 
= rate of disappearance from the gas phase of SiF 
= inside radius of the reactor boundary 
= outside radius of the reactor boundary 
step function; ·equals one only over the wafers' surface 
step function; equals one only over the wafers' surf ace 
- axia) coordinate 
= radial bulk velocity 
= averaged radial bulk velocity • 
= axial bulk velocity 
= tangential bulk velocity 
= averaged radial bulk velocity at 
the outside radius of the reactor boundary 
= stoichiometric coefficient of dissociation reaction Equation (I) 
= dimensionless radial coordinate 
= dimensionless inside radius of the reactor boundary 
= dimensionless averaged concentration 
= tangential coordinate 
• 
' 
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FIGURE CAPTIONS 
.... 
Figure 1 Experimental apparatus used for plasma etching. 
Figure 2 In-line and spread-out wafer configuration used for experimental 
runs to illustrate the effect of wafer location and wafer crowding. 
Figure S Predicted {curves) versus observed (points) wafer-averaged etch 
rate for the in-line configuration. Temperature = 25°C, pressure = 18.7 Pa, 
inlet NF 3 mole fraction = · 0.4. Inlet flow rates labeled on plot. 
Figure 4 Contour plot of dimensionless. fluorine concentration (Eq. X) for 
in-line configuration. Reactor conditions identical to those for Figure 3, with 
the inlet gas flow rate = 45 seem. 
Figure 5 Predicted versus observed wafer averaged etch rate for spread-out 
vs. in-line configuration. Temperature = 25°C, pressure = 18. 7 Pa, inlet NF 3 
mole fraction = 0.4. Dashed curves . are model predictions for the spread-out 
configuration. Solid curves are for the in-line configuration. 
Figure 6 Contour plot. · of dimensionless fluorine concentration for the 
spread ... out configuration. Reactor condjtions identical to those for Figure 5, 
with the inlet gu flow rate = 45 seem. 
Figure 7 Whole reactor contour plot of dimensionless fluorine concentration 
for a single 125 mm diameter wafer. Inlet flow rate = l 00 seem, temperature 
= 25°C, pressure = 12.4 Pa, inlet NF 3 mole fraction = 0.4. 
Figure 8a-d .Contour plots of dimensionless fluorine concentration over t.he 
single 125 mm wafer for four different flow rates: a. 50 seem, b. 100 seem, c. 
150 seem, d. 200 seem. Other reactor conditions ide~tica) to those for Figure 7. 
Figure D Single wafer etch-depth plot (or constant center line etch-d,;pth of 
• 
1 2.0 micromelers1 for flow rates of 50, l 00, and 200 seem. Other reactor 
I 
! 
. 
! 
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conditions identical to those in Figure 7. 
Figure 10 Single wafer etch-depth plot for constant center line etch-depth 
of 2.0 micrometers, for pressures of 6.3, 12.6, and 18.8 Pa. Other reactor 
conditions identical to those in Figure 7. 
I 
Figure 11 Commercial wafer loading configurations for 125 mm wafers in a 
66 cm· diameter reactor. a. Full loading, b. 1Ialf Loading. 
Figure 12 Contour plot of dimensionless fluorine concentration for the fu))y 
loaded reactor. · Inlet flow rate = 100 seem, temperature = 25°0, pressure 
12.4 Pa, inlet NF 3 mole fraction = 0.4, percent silicon exposed = 30%. 
Figure 13 Effect of varying flow rate on etch-depth for the commercial 
fully loaded reactor. Inlet flow rate = 50, 100, and 200 seem, temperature = 
25°C, pressure = 12.4 Pa, inlet NF 3 mole fraction = 0.4, percent silicon exposed 
= 30%. 
Figure 14 Effect of varying pressure on etch-depth for the commercial /ully 
.-. 
loaded reactor. Pressure = 6.3, 12.6, and 18.8 Pa, temperature = 25°C, inlet 
flow rate = I 00 seem, inlet NF 3 mole fraction = 0.4, percent silicon exposed = 
30%. 
Figure 15 Effect of varying percent silicon exposed on etch-depth for the 
commercial ful1y )oade~ reactor. Percent silicon exposed - 10, 30, and 70%, 
temperature = 25°C, pressure = 12.4 Pa, inlet NF! mole fraction = 0.4, inlet 
flow rate = 100 seem. 
Figure 16 Contour plot of dimensionless fluorine concentration for the half 
loaded reactor. Inlet. flow rate = 100 seem, temperature = 25°C, pressure ·= 
.... 
12.4 Pa, inlet NF 3 mole fraction = 0.4, percent silicon exposed = 30%. 
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APPENDIX C: Vita 
The author was born the son of Rose and Nicholas Russo 
on October 11, 1960 in Miami Beach, Florida. In 1961 the 
family relocated to New York city. In June 1970 the author's 
father died of complications from leukemia. 
The author graduated from Cardinal Spellman High School 
in the Bronx in 1978, and entered the Columbia University 
School of Engineering and Applied Science the same year. In 
May 1982 the author graduated from Columbia with a Bachelor 
of Science degree in Chemical Engineering. The author was 
selected by his department at graduation to receive the 
American Institute of Chemists' student Award for outstanding 
scholarship. 
In July 1982 the author began his career with the 
International Business Machines Corporation at their 
semiconductor manufacturing facility in Essex Junction, 
Vermont. He was assigned a position as a manufacturing 
process engineer, and was involved with the implementation 
and support of photolithographic and plasma processes. In 
March 1983 the author and his wife, Susanne, were-married in 
South Burlington, Vermont. In December 1984 the author was 
selected by his site for participation in the Manufacturing 
Systems Engineering Program at Lehigh University, which he 
began in August 1985. The author will be returning to IBM 
after graduation in January 1987. 
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William and Susanne Russo are anxiously awaiting the 
arrival of their first child in January 1987. They currently 
reside in South Burlington, Vermont. 
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